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ABSTRACT 
 
 
ELECTRICAL RESISTIVITY OF THE KONDO SYSTEMS (Ce1−xREx) In3,    
RE = Gd, Tb, Dy and Ce(Pt1−xNix)Si2 
 
Tshabalala, Kamohelo George  
 
MSc. Thesis, Department of Physics, University of the Western Cape 
 
Cerium-based intermetallic compounds have been the subject of many theoretical and 
experimental investigations because of the nature and variety of their physical 
properties such as Kondo effect, magnetic ordering, heavy-fermion behaviour, 
superconducting, Fermi and non-Fermi liquid behaviour at low temperatures.  These 
unusual physical properties originate from the character and strength of the 
hybridization between the 4f-electron of the Ce atom and the conduction electrons.  
The physics of heavy-fermion and Kondo systems is mainly governed by two 
competing interactions; these are: the Kondo effect characterized by a temperature 
scale  )(/1exp FK EJNT   and the Ruderman-Kasuya-Kittel-Yosida (RKKY) 
interaction characterized by a temperature scale )(2 FRKKY ENJT  ; where J is the 
Kondo coupling constant measuring the strength of the 4f-conduction electron and 
N(EF) the density of state at the Fermi level.  The strength of the hybridization can be 
tuned by chemical pressure (alloying), hydrostatic pressure, changing the chemical 
environment around the Ce atom or the energy separation between the 4f and the 
Fermi levels.  The present study investigates the strength of the hybridization by 
substituting Ce atom in Kondo lattice CeIn3 with Gd, Tb, and Dy and by changing the 
chemical environment around the Ce atom in substituting Pt with Ni in CePtSi2.  
This thesis covers four chapters outline as follows: 
 Chapter 1 introduces the theoretical background in rare earths elements, and an 
overview of the physics of heavy-fermion and Kondo systems. 
 Chapter 2 presents the experimental details used in this thesis. 
  Chapter 3 report the effect of substituting Ce with moment bearing rare-earth 
elements RE = Gd, Tb and Dy in CeIn3, through x-ray diffraction (XRD) and 
electrical resistivity measurements.  
 
 
 
 
   
 iii 
 Chapter 4 report the effect of substituting Pt up to 30% with Ni in CePtSi2 through 
XRD and resistivity measurements.   
Therefore the current thesis presents the electrical resistivity of the Kondo systems 
(Ce1−xREx) In3, RE = Gd, Tb, Dy and Ce(Pt1−xNix)Si2.    
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CHAPTER 1  
 
Literature review 
 
1.1 Introduction 
The last two decades have seen a growth of interest in “strongly correlated electron 
systems”, particularly in Heavy Fermion (HF) systems: materials where the electron 
interaction energies dominate the electron kinetic energies, becoming so large that 
they qualitatively transform the physics of the system [1, 2].  In this new class of 
materials localized magnetic moments formed by rare earth (RE) or actinide ions 
transform the metal in which they are immersed, generating quasi-particles with 
masses in excess of 1000 bare electron mass [3].  The heavy-electron masses manifest 
themselves in various physical properties such as resistivity ρ (T), susceptibility χ (T) 
or electronic specific heat capacity Ce (T).   
 
This chapter will vividly illustrate in section 1.2 a general overview of the RE 
elements.  This will be followed in section 1.3 by selected properties of Ce and Yb 
elements.  Section 1.4 presents a brief overview of HF and Kondo systems.  The 
classification of concentrated Kondo systems will be illustrated in section 1.5 while 
section 1.6 will illustrate the Kondo effect.  Finally a theoretical discussion of the 
electrical transport properties of HF and Kondo system will be presented in section 
1.7. 
1.2 Rare Earth elements 
The term “rare earth” (RE) or “lanthanides” refers to the elements in the periodic table 
ranging from lanthanum (
57
La) up to lutetium (
71
Lu).  yttrium (
39
Y) and scandium 
(
21
Sc) are included in this group because their chemical behavior is very similar to 
that of the lanthanide group. The magnetism of the RE elements originates from the 4f 
shell.  The elements La, Lu and Y have no magnetic moment.  The electronic 
structure of the RE atoms can be described in terms of a core of filled shells 
equivalent to the xenon (Xe) atom. The complete configuration is given as [Xe]
54
      
4f
 n
5d
0-1
6s
2
 (n = 1, 2, . . . , 14).  In addition, after the 5s
2
5p
6
5d
0-1
6s
2
 orbitals have been 
 
 
 
 
  2 
filled, the 4f shell will be filled gradually from n = 0 to 14 electrons.  The 4f electrons 
of RE elements are well shielded by the full 5s
2
5p
6
 shells and are deep-seated near the 
nucleus.  Furthermore, the wave function of the 4f shell is of a small radial extend, 
which gives a localized character for these electrons.  For lanthanum the f-shell is 
empty, for cerium there is one 4f electron and then the number of 4f electrons 
increases steadily through the group, until there 14 electrons in the filled shell of 
lutetium. 
 
A characteristic feature of the rare earth elements is the regular decrease in the atomic 
volume or ‘radius’ when proceeding from Lanthanum (La) to Lutetium (Lu). This is 
known as the lanthanide contraction.  Furthermore, most of these elements crystallize 
in a hexagonal closed-packed structure except for Ce, Eu and Yb, which have a cubic 
structure and Sm which has a rhombohedral structure at room temperature [4].    The 
5d
1
6s
2
 valence electrons form the conduction bands in the solid state.  Hence, the RE 
ions are usually trivalent both in their atomic state and in the solid state.  An exception 
occurs for the Ce, Eu and Yb in the solid state.  The element Ce can exist as either 
trivalent Ce
3+
 or tetravalent Ce
4+
 while Yb can be either trivalent Yb
3+ 
or divalent 
Yb
2+
 in the solid state.  Both the trivalent state of Ce and Yb are magnetic while the 
tetravalent and divalent states of Ce and Yb respectively are non-magnetic.  The 
valence instabilities observed for these elements are due to the fact that the 4f shell is 
not well shielded.  This causes the hybridization of the 4f electrons with the valence 
electrons which in turn leads to phenomena like intermediate valence [5], HF [6] 
behaviour and Kondo effect [7,8]. 
 
The magnetic properties of the RE elements are determined by the 4f electrons which, 
especially in the case of the heavy RE elements (Gd to Tm), are largely unaffected by 
their environment.  As a result there is no quench of the orbital angular momentum 
due to the inhomogeneous electric field of the neighbouring ions in the crystal for 
most RE ions and hence the orbital angular momentum takes its full value.  In the case 
where the 4f shell is more or less half-filled, the spin (S) and orbital angular 
momentum (L) of the f electrons are coupled in the Russell-Saunders coupling scheme 
[9].  The total angular momentum J is arranged in ordered structures at absolute zero, 
and is given as J = L + S or J = L – S. The magnetic moment of this partially filled 4f 
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shell is given by μ = μBgJJ where μB = eћ/ 2m is the Bohr magneton number, and gJ is 
the Lande g-factor given by  
   
)1(2
)]1()1()1([
1



JJ
LLSSJJ
gJ .            (1.1) 
La and Y with no 4f electrons and Lu with a full 4f electron shell have no magnetic 
moment.  These elements are usually used as a non-magnetic substitute when the 
dilution of moment bearing RE compounds is needed.  The direct interaction between 
the 4f electrons of the RE element in the solid state is negligible, due to the small 
extent of their wave function. Consequently, negligible overlap occurs.  However, the 
indirect 4f-4f interaction may occur via the direct s-f interaction.  This is known as the 
Ruderman- Kittel-Kasuya-Yosida (RKKY) interaction between the delocalized 
conduction-band electrons and the f-electrons and it is long-ranged and oscillatory 
[10].  In the case where the Fermi surface of the conduction electron is sharp, the 
oscillatory varies in space due to the exchange interaction between conduction and 4f 
electrons.  The RKKY interaction is responsible for the complex spin structures 
(magnetic order) observed in RE metals. The s-f interaction between the conduction 
electrons of spin s and the localized 4f electron of spin S, Ss

   is given by 
de Gennes as:  
      ,Js1g  H J-

              (1.2) 
where Γ is the exchange coupling constant.  Furthermore, it can be shown that the 
exchange Hamiltonian leads to an indirect interaction, which couples the total angular 
momentum vectors Jm and Jn of nearby RE ions even though the 4f wave function do 
not overlap.  The magnetic-ordered structure observed in RE metals transforms the 
Curie relationship TCT )χ(  for the magnetic susceptibility of a non-interacting 
system of magnetic dipoles into the Curie-Weiss form: 
     
p
θ-T
C
χ   ,             (1.3) 
where B
2
B
2
J 1)/3kJ(JgC    is the Curie constant and p
θ is the paramagnetic Curie 
temperature which differs somewhat for a ferromagnetically ordered structure from 
the Curie temperature TC and which is negative for an antiferromagnetic structure. B 
is the Bohr magneton. It should be noted that 
p
θ in case of the RKKY indirect 
 
 
 
 
  4 
interaction can be expressed in terms of  1)J(J)1g( 2J
2   and other parameters 
describing the electronic band structure.  The effective magnetic moment is given by 
    1/2Jeff 1)]J(J[gμ  B  .            (1.4) 
Values of effμ  for the trivalent RE group ions obtained from experiments agree quite 
well with the calculated values using the lowest occupied multiplet J.   
1.3 Selected properties of Ce and Yb elements [11, 12] 
In the RE element series, Ce and Yb are almost mirror images of each other and 
present many similarities in their physical properties.  They may have an empty 4f 
shell for Ce and a full 4f shell for Yb.  While the Ce element can exist either as 
trivalent Ce
3+
 or tetravalent Ce
4+
 in the solid state, Yb can exist either as trivalent 
Yb
3+
 or divalent Yb
2+
 in the solid state.  Both element Ce and Yb are extremely 
interesting if exposed to different conditions of pressure and temperature.  Various 
physical properties are displayed, viz. magnetic, non-magnetic or superconducting 
properties.  The complete configurations are given by the formulae [Xe]
54
4f
1
5d
1
6s
2
 
for Ce and [Xe]
54
4f
14
6s
2
 for Yb.   
 
Under different conditions of pressure and temperature Ce displays five phases in the 
solid state.  These phases are outlined as follows:  Two face-centered cubic (fcc) 
phases, the  and -phase.  The -phase is known as a magnetic Kondo type and is 
stable at room temperature and atmospheric pressure, but unstable below 273 K.  This 
phase is characterized by the following properties: exhibition of a valence of 3, with 
an effective magnetic moment of 2.54 Bμ corresponding to the free Ce
3+
 ions and 
atomic radius of 1.82 Å.  The values of the resistivity at room temperature and the 
residual resistivity are of the order 73 × 10
-8
 .m and 4 × 10-8 .m respectively.  The 
Debye temperature value is of the order 138 K.  The -phase occurs from a partial 
transformation of the  phase at temperature below 100 K.  This phase is characterized 
by the following properties: tetravalent Ce
4+
 with atomic radius of 1.73 Å, a non-
magnetic, enhanced Pauli paramagnet.  The electronic specific heat coefficient  is of 
the order 12.8 mJ.mole
-1
.K
-2
.  At room temperature and at a pressure of 7 kbar, the 
transition from  to -phase occurs and is of the first order with a volume collapse.  
This transition is known as the Mott transition [13]. 
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The hexagonal closed-packed (hcp)  phase occurs from an incomplete 
transformation of the -phase at a temperature below 273 K.  The -phase presents 
similar properties as the -phase with the same valence of 3, same effective magnetic 
moment of 2.54 Bμ  and atomic radius of approximately the same magnitude.  The 
residual resistivity of this -phase is identical to that of the -phase; however the room 
temperature resistivity of the -phase is greater than that of the -phase by a factor of 
1.2.  The orthorhombic α phase occurs at a high pressure (>60kbar) and is 
superconducting below 1.8 K.  The cerium ion in this phase exhibits a valence of 4 
with an atomic radius of 1.62 Å.  The change of valence of cerium ion is followed by 
the change from Curie-Weiss paramagnetic behaviour to a temperature independent 
Pauli paramagnetism. 
 
Ce is the only pure metal that exhibits Kondo scattering.  Furthermore, the unusual 
behaviour found in Ce compounds originates from an incomplete occupancy by the 
single electron in the 4f shell.  These materials exhibit anomalous physical 
phenomena resulting from the hybridization between localized 4f states and the 
conduction electrons.  Three features may be observed and these are long-range 
magnetic order for a stable 4f shell resulting from weak hybridization, the 
intermediate valence state resulting from a strong hybridization of the 4f states with 
the conduction electron and the Kondo state which occurs when the 4f occupancy 
deviates slightly from an integer valence. 
1.4 Brief overview of HF and Kondo systems  
Heavy-Fermion systems are compounds where localized magnetic moments formed 
by rare-earth or actinide ions transform the metal in which they are immersed, 
producing quasi-particles with masses in excess of 1000 bare electron masses [3].  
These materials are formed by a lattice of 4f electrons.  A distinguishing feature of 
heavy Fermion materials is the low temperature specific heat.  They are characterized 
by an extremely large value of the electronic coefficient  which is related to the 
effective mass m
*
 of the conduction electrons in the form [14] 
*
2
2
3
mk
k
F
B

 .                (1.5) 
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For a normal metal, the specific heat Cp at low temperature 
(
50
DT

 or
10
DT

 depending on the materials) is given by:     
    ,)( 3TTTCP                 (1.6) 
where the first term is the conduction electron contribution and the second term is the 
phonon contribution in the Debye description.  The coefficient describing the electron 
specific heat is given by  
      22
3
1
BF kEg  ,           (1.7a) 
where  FEg  denotes the density of states at the Fermi level which takes a value of 
FEN 23 for a free electron gas [15].  The coefficient  is related to the Debye 
temperature D 
    
3
.
D
n
A

  ,         (1.7b) 
which describes the lattice vibrations. In Eq. 1.7b, A = 1944 103 J/K.mole and n is 
the number of atoms in the formula unit of the compound. In the normal metal, 
particularly at low temperatures, the coefficients γ and   are found to be temperature-
independent.  However, for typical HF materials it is observed that γ is temperature-
dependent and becomes more enhanced with a decrease in temperature.  The origin of 
such enhancement is the strong interaction between the conduction and the 4f 
electrons, which leads to the formation of a narrow resonance in the density of states 
at the Fermi level, called the Abrikosov-Suhl Resonance (ASR).  The ASR is 
responsible for the extremely large effective mass m
*
 observed for the HF materials.   
The archetypal HF compound CeCu6 exhibits a γ value of 1670 mJ/mole.K
2 
[16] 
compared to that of a normal metal such as copper Cu with a γ value 0.7 mJ/mole.K2 
[17]. 
HF has typical Pauli susceptibility at low temperature and Curie-Weiss at high 
temperature.   The Pauli susceptibility for non-interacting band electron is given in 
form [14]     220 BFEN    and it is enhanced for the HF materials.  The HF 
compound CeAl3 has (0) = 4.52 ×10
-7
 m
3
.mole
-1
 [18], compared to a normal metal 
like Cu with (0) = 12.6 ×10-11 m3.mole-1 [17].  At higher temperatures, say above 
room temperature (T) of HF materials obeys qualitatively the Curie-Weiss Law        
   (T+P)
-1
. The enormous values of (0) and γ for these HF materials are the 
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features which set them apart from ordinary metals.  This large (0) leads to the 
description of these materials as a Fermi liquid of strongly renormalized quasi-
particles.  The huge (0) values may originate from a mechanism that, instead of 
allowing long-range ordering of the local magnetic moment inferred from the high-
temperature Curie-Weiss Law, destroys the local moment [19].  This mechanism has 
been attributed either to Kondo effect [20] in which the local moments are 
compensated by the conduction electrons, or as valence fluctuations between two 
equivalent-energy 4f-electron states, one magnetic and the other non-magnetic [21]. 
By considering the transport properties, the electrical resistivity (T) exhibits 
anomalous behaviour for the HF materials.  (T) of an ordinary metal follows 
Gruneisen curve known as a metallic behaviour characterized by an initial linear 
decrease with a decrease in temperature following by a 5T power law as the 
temperature goes to zero.  In the case of HF materials above a characteristic 
temperature scale T 
* 
a logarithmic increase in (T) with a decrease in temperature is 
usually observed and characterized by the Kondo –lnT behaviour.  T * represents the 
boundary between a normal behaviour at high-temperature and the extraordinary low 
temperature HF behaviour.  This temperature scale is much smaller than the Fermi 
temperature of ordinary metals which is of the order 10
4 
K [22] and is approximately 
10 K to 100 K for HF material.  Furthermore, it is often observed for the HF materials 
that a resistivity minimum appears at a temperature Tmin whereas for normal metal a  
5~)( TT  metallic behaviour is observed.  This minimum originates from the 
combined effect of the metallic decrease and the –lnT increase in (T) with a decrease 
in temperature.  The –lnT increase results from the conduction electron spin-flip 
scattering by the localized magnetic moments of the 4f impurities.  A theoretical 
model explaining this mechanism was given by Kondo [23].  This mechanism results 
in the gradual formation of narrow many-body resonance (ASR or Kondo resonance) 
near the Fermi level as the temperature decrease below a characteristic temperature 
scale called the Kondo temperature TK.  In many respects TK can be very close to T
 *
 
for a corresponding dilute Kondo system.  The Kondo temperature TK sets the 
dividing line between local moment behaviour, where the spin is free at high 
temperature, and the low temperature limit, where the spin becomes highly correlated 
with the surrounding electrons.  The very low temperature (T) curves of most HF 
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materials are characterized by the quadratic relation: 20)( ATT    which is a 
characteristic of Fermi-liquid (FL) behaviour.  The coefficient A may also indicate the 
difference between conventional metals and HF materials.  This coefficient is 
enhanced for the HF materials compared to the ordinary metals, e.g                                                          
A (CeAl3) = 35×10
-8.m.K-2 [24], while A (Pd) = 10-13.m.K-2 [25].  An example of 
FL behaviour in HF CeAl3 is shown in figure 1.1 [18]. 
 
The similarities between HF and Kondo systems can be seen, for example, in the 
temperature dependent resistivity.  The temperature dependence of the resistivity of 
these classes of systems is characterized by a maximum and a steep drop as T→0.  
This behaviour characterizes the so-called coherent Kondo scattering behaviour.  The 
formation of this coherent state leads to another temperature scale Tcoh which is much 
smaller than TK.  The observation of a –lnT increase upon cooling at high temperature 
(T>TK) and saturation at low temperature (T<TK) in the (T) curves of dilute Kondo 
systems reflect the incoherent single-ion Kondo scattering behaviour.  
Experimentally, the transition from coherent to incoherent single–ion Kondo 
scattering can be achieved by chemical or hydrostatic pressure of the Kondo lattice 
system.  A typical resistivity versus temperature curve showing an evolution from 
coherent to incoherent single-ion Kondo behaviour as seen experimentally for a HF 
Kondo lattice system (Ce1−xLax) Cu2Si2 is shown in figure 1.2 below [26] 
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Figure 1.1: Low temperature electrical resistivity of CeAl3 below 100 mK, plotted 
against T
2
 showing Fermi Liquid behaviour [18]. 
 
Figure 1.2: Resistivity versus temperature for the CexLa1−xCu2Si2 alloy system 
indicating Kondo behaviour [26]. 
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Other classes of materials are the intermediate valence (IV) [27] compounds and these 
are qualitatively different from both normal metals and Kondo lattice compounds.  
The characteristic feature of these materials is the coincidence of the 4f band and the 
Fermi level leading to a strong hybridization of the 4f states with the conduction 
electron band.  As a result of this strong hybridization, a scattering resonance near the 
Fermi level and enhancement of the total density of state occur.  The enhanced density 
of state produces unusual properties in resistivity and susceptibility showing a broad 
maximum in (T) at high temperature where the Kondo singlets are just forming.  A 
typical susceptibility versus temperature curve for the IV compound CePd3 is shown 
in      figure 1.3 [25]. 
 
 
 
Figure 1.3: The susceptibility versus temperature for the intermediate valence system 
CePd3 [25]. 
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1.5 Classification of concentrated Kondo systems 
 
The physics of HF systems is governed by two main interactions, these are: 
- The RKKY interaction which is the interaction of the localized magnetic 
moment themselves through a spin density wave oscillation.  This 
interaction is responsible for the spin structure observed in RE metals. 
- The Kondo effect due to the antiferromagnetic exchange interaction J of 
the localized magnetic moment of the RE ion with the conduction band 
electrons.  This interaction leads to a local singlet ground state. 
The strengths of these two interactions are characterized by temperature scales TK and 
TRKKY for the Kondo effect and the RKKY interaction respectively and are given in the 
form: 
   









)JN(E
1
exp
F
KBTk ,             (1.8) 
  and 
   
D
J2
RKKYBTk ,              (1.9) 
where J represents the Kondo coupling constant which measures the strength of the 
4f-conduction electron hybridization, D represents the width of the s-d conduction 
band and N(EF) the density of state at the Fermi level. J is defined according to the 
Schrieffer-Wolff [28] transformation in the form  
 
4fF
2
kf
E
V
E
J

   ,            (1.10) 
where Vkf represents the hybridization between the localized 4f electrons and the 
conduction electrons, EF and E4f indicates the energies of the Fermi and the 4f levels 
respectively.  Depending on the strength of TK and TRKKY, a competition between 
Kondo effect and RKKY interaction occurs in concentrated Kondo systems.  This 
competition leads to the classification of the concentrated Kondo systems that can be 
explained by the different dependencies of TK and TRKKY on J. For normal RE metals 
the 4f level is far below the Fermi level.  Following Eq. 1.10, J becomes small and TK 
which depends exponentially on J is negligible with respect to TRKKY, leading to a 
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magnetic transition at temperature TM  
2
eff  TRKKYTK [29].  In such cases the 
localized magnetic moment does not take part in the Kondo spin-flip processes.  For 
anomalous RE materials E4f is close to EF.  Therefore the energy separation between 
the two levels becomes very small and the Kondo coupling constant becomes 
extremely large.  From Eq. 1.8 and 1.9 it turns out that the anomalous RE materials 
may have TK  TRKKY or TK  TRKKY.  The condition TK  TRKKY gives non-magnetic 
concentrated Kondo system (CKS) and sometimes may even be insulating while the 
condition TK  TRKKY leads to magnetic CKS.  In both cases, if the Kondo centers 
form a periodic structure, the compounds in this region are known as non-magnetic 
and magnetic Kondo lattice systems.  Examples of a non-magnetic Kondo lattice 
systems are CeB6 [30], CeCu2Si2 [31], CeAl3 [18, 32], and that of magnetic Kondo 
lattice systems are CeIn3 [33], and Ce8Pd24Ga [34]. 
The interplay between the two competing processes explains the variation of the 
magnetic properties with the Kondo coupling constant J as observed in CexLa1−xIn3 
and CexY1−xIn3 [35].  Figure 1.4 illustrates the schematic dependence of the magnetic 
transition temperature TM and the characteristic temperatures TK and TRKKY on the 
normalized Kondo coupling constant J/D.  TM in this figure initially increases with an 
increased J/D, and passes through a maximum followed by a decrease and tends to 
zero at a critical value JC.  This behaviour of TM as a function of J/D has been 
experimentally observed, for instance in CeNixPt1−x system [36] where the Curie 
temperature TC initially increases with increasing Ni concentration x, and goes 
through a maximum followed by a decrease.   
The studies in CKS often deal with the continuous variation of the Kondo coupling 
constant J at constant 4f ion concentration while the relative position of E4f with 
respect to EF is changed.  This change will be able to modify the relative strength of 
the Kondo and RKKY interactions which are in competition.  Experimentally, this 
change is achieved by applying external pressure as in the case of CePd3 [25], CeAg 
[37] or chemical pressure in controlling composition as in the case of Ce (In1−xSnx)3 
[38] and CeSix [39].  The latter method which is experimentally simple, is used in this 
thesis. 
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Figure 1.4: The classification of CKS and the relation between two characteristic 
temperatures TK and TRKKY, TM is the magnetic transition temperature [8]. 
1.6 Kondo effect  
The Kondo effect governs the quenching of the 4f magnetic moments embedded in a 
non-magnetic host.  It is responsible for the formation of heavy-Fermion metals where 
the localized moments transform into quasi-particles with masses sometimes in excess 
of a thousand bare electron masses [19].  Most of properties evaluated relate to a 
simple temperature scale TK.  As mentioned in the previous section TK sets the 
dividing line between the high temperature region (TTK) where the moments are 
nearly free and the low temperature region (TTK) where, owing to the interaction of 
the conduction electrons with the almost localized magnetic moments, a singlet 
formation takes place and quasi-particles are created.   In the high temperature region, 
incoherent single-ion Kondo scattering is observed while in the low temperature 
region, coherent Kondo scattering takes place.   
1.6.1 Incoherent single-ion Kondo systems [7]  
 From the study of magnetic impurities in non-magnetic metals in the early 1930s it 
was observed that the resistivity of samples which were thought to be very pure shows 
a minimum at low temperature.  The appearance of the resistivity minimum at 
temperature Tmin where normal 
5~)( TT  metallic behaviour was expected has to be 
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attributed to the existence of magnetic impurities diluted in the metals.  The increase 
in (T) below Tmin is described by a –lnT.  As mentioned in section 1.6 the first 
theoretical model successfully explaining the –lnT increase in dilute magnetic alloys 
was given by Kondo in 1964 [23].  This model shows that the –lnT increase in (T) in 
cooling result from the conduction electron spin-flip scattering by the localized 
magnetic moments of 3d or 4f impurity.  Starting from the exchange Hamiltonian:  
  Ss

 J2    ,                    (1.11) 
where s

represents the conduction electron spin and S

represents the magnetic 
impurity spin, Kondo demonstrated that in a third-order perturbation calculation of the 
transition probability within the theory of resistivity a –lnT increase in (T) towards 
lower temperatures appears as a characteristic of an antiferromagnetic coupling (J0).  
Therefore, the appearance of the resistivity minimum results from interplay between 
the monotonically decreasing phonon contribution at high temperature and the 
logarithmic increasing magnetic contribution with decreasing temperature.  Equation 
(1.11) describes the Kondo effect in diluted 3d systems in the simple s-d exchange 
model.  For the 4f impurities, the spin of the magnetic impurities S

 is replaced by 
its projection onto the total angular momentum  J1gJ

 .  Therefore, there would be 
no Kondo effect especially in the case of Ce impurity since gJ = 6 ⁄ 7 would require J 
being positive in contrast to the case of 3d-impurities.  Anderson [40] first suggested a 
model to overcome the problem of the s-d exchange model for the 4f impurities.  
Later, Coqblin and Schrieffer [41] suggested a model where the Anderson 
Hamiltonian may be transformed in such a way that the hybridization term is 
eliminated in the integer-valence limit. 
1.6.1.1 Anderson model 
The Anderson impurity Hamiltonian is given in the form [7]: 
  


Mk,
kMMfk,MkMfk,
MM
MMM
M
f4
Mk,
KMk VVnn
2
1
nn
'
' accaU  
                        (1.12) 
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The first term represents the conduction electrons with energy k  and momentum k.  
The second term represents the localized 4f electrons with energy E4f, angular 
momentum j and quantum number M.  Both EK and E4f are defined with respect to the 
Fermi energy EF.  The third term represents the repulsion between the 4f electrons 
with U the Coulomb repulsion which can be interpreted as the energy required for 
adding a second 4f electron to the localized 4f state.  The fourth term represents the 
hybridization between the localized 4f electrons and the conduction electrons with Vk,f 
being the hybridization  matrix element which determines the degree of mixing of the 
localized and conduction bands.  This hybridization leads to the broadening of the 4f 
level with width  given by the Fermi’s golden rule as: 
    FΕ
2
V ,            (1.13) 
where V is an appropriate average of Vk,f and N(EF) is the density of states at the 
Fermi level. kMa
 and kMa  are creation and annihilation operators respectively for 
conduction electrons and with the context of Eq (1.12) they create spherical-wave 
states of fixed total and orbital angular momentum, while Mc
 and Mc  are creation 
and annihilation operators respectively for a localized 4f electron. 
kMn = kMa

kMa and Mn = Mc

Mc are the corresponding occupation number operators.  
Depending on the strength of the hybridization, ( nf4 ) and ( 1nf4  ) states have a non-
zero occupation probability.  This leads to valence fluctuations characterized by an 
energy scale of the order of 10 meV or larger.  In addition to these fluctuations the 4f 
electrons may exchange their spin component without any change transfer.  This leads 
to spin fluctuation which occurs for weak interactions characterized by an energy 
scale TK in the integer valence limit or so-called Kondo regime.  Thus, the Anderson 
model takes an account to the hybridization Vk,f which allows valence fluctuation 
between nf4 and 1nf4  levels. 
1.6.1.2 Coqblin-Schrieffer model [41] 
 
 Coqblin and Schrieffer suggested a model based on the transformation of the 
Anderson Hamiltonian in the integer valence limit.  In their model, the hybridization 
term is replaced by an effective exchange interaction between the conduction and the 
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localized electrons based on a combined spin and orbit exchange interaction.  To 
achieve such a transformation, Coqblin and Schrieffer considered the crystal electric 
field level splitting effect in a degenerate Anderson model.  In this framework, the 
effective resonant scattering Hamiltonian (Coqblin-Schrieffer model) for the Ce 
impurity in a metallic host can be written as [7] 
  kMkM
kk kMk
MM aaVccaa
MM
  
',
''
'''
, ,
MMMMMkMkMMM
M
MM
Mk,
kMk nJnn 
                (1.14) 
The exchange integrals 'MMJ are calculated using the Schrieffer-Wolff [29] 
transformation for large- U limit and given by: 
   



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





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'
'
MM
2
fk,
MM
11
2
V
J .           (1.15) 
The spin orbit exchange scattering is described by the third term in Eq. 1.14 and 
shown to be different from the Js

. exchange model defined by Eq. 1.11, for the fact 
that the change ∆M = M’ – M in the magnetic quantum numbers is not restricted to    
± 1 or 0 as it is to the Js

.  interaction.  The parameter 'MMV in the fourth term in     
Eq. (1.14) represent pure direct scattering.  M denotes the quantum number 
characterizing an eigenstate of energy EM in the presence of the crystal field.  Taking 
into account the fact that 'MMJ  
 is determined by the energies of the different crystal 
field (CF) levels, it turns out that the Kondo effect itself depends sensitively on details 
of the CF. 
1.6.1.3 Solutions to Kondo, Anderson and Coqblin-Schrieffer models 
 
Different methods to find solutions for single impurity problems that were described 
by Kondo (s-d model), Anderson and Coqblin-Schrieffer model were suggested.  
Initially a method based on perturbation theory used by Kondo results in a solution 
which did not successfully explain the physical properties of Kondo compounds for 
the whole temperature range.  This method leads to divergent results and could not be 
applied to find the temperature dependence resistivity at T→TK.  The divergence is 
due to the formation of a narrow (~kBTK) many-body resonance (ASR) near the Fermi 
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level EF at temperature T≤TK, when the crossover from perturbation conduction 
electron interaction with localized magnetic moment (TTK) to the strong 
interaction, and the formation of a quasi-bound state (T≤TK) takes place.  The 
principal obstacle in solving the single impurity problem was related to the absence of 
a single parameter for the whole temperature range, which is the cross-over from 
“asymptotic freedom” at high temperature (TTK) i.e. local moment behaviour where 
the spin is free from “infrared slavery” at a low temperature (T≤TK), when the 
conduction electrons band compensating the magnetic ion spin are contributing to the 
growth of the ASR at E=EF [42].  At TTK a Kondo compound can be considered 
within the framework of the Fermi-liquid model [43].  This model is formulated in the 
framework of scattering theory, taking into account the phase shift.  Properties such as 
CP (T),  (T) or (T) derived in this framework obey simple power laws [44].  Later, a 
successful method to investigate properties of Kondo compounds for the whole 
temperature range from TTK to TTK was based on the Wilson [45] numerical 
Renormalization group concept.  Properties such as  (T) [46], CP (T) [47] have been 
calculated from TTK to TTK.  A universal behaviour on the temperature scale 
T⁄TK was found for these properties.   
 
Wiegmann [48], Tsvelick and Wiegmann [49] and Andrei [50] came up with the first 
precise method to solve the Coqblin-Schrieffer Hamiltonian using the Bethe ansatz 
[51] diagonalization method.  The Wiegmann-Andrei solution is valid for the whole 
temperature range from TTK to TTK.  The Wiegmann-Andrei results are in 
agreement with Wilson’s 2eff = T (T)/C data [45] calculated with the help of the 
renormalization group method (where C is the Curie constant).  This method provides 
exact solutions for properties such as  (T) or CP (T), but fails to explain properties 
such as  (T) or thermoelectric power S (T). 
 
The self-consistent large degeneracy method proposed by Bickers et.al [52] was able 
to calculate  (T), CP (T) as well as (T), S (T) over a wide range of temperature and 
fields for Kondo compounds.  In this method the hybridization matrix element fK,V  is 
rescaled by 
1/2
fK, V/NV   where N=2j + 1 is the degeneracy which can be expanded 
and with V constant for states close to the Fermi level.  For the nearly-integer-valence 
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limit, the validity of the method is extended far below TK (0.1TK [52]) reaching the 
Fermi liquid regime.  The calculation of the static properties  (T) or CP (T) as well as 
transport properties (T) or S (T) within this method may be understood in terms of 
two temperature-dependent dynamical spectra f() and f() of the electronic 
systems, where  f() is the many-body spectral density for adding (or removing) an 
4f electron of energy  and f() is the spectrum for the 4f moment fluctuations of 
energy  and also called the spectra spin excitations [52].   
1.6.2 Coherent Kondo lattice 
 
The exploration of a system in which a local spin-conduction electron exchange 
interaction builds up a regular sublattice in a crystal, was initiated by Doniach [53].  
This has introduced the concept of a Kondo lattice.  Coherent Kondo scattering is 
observed at low temperature where magnetic impurities form a regular sublattice in 
the Kondo compound.  A very prominent sign of the Kondo lattice state is for 
instance, the observed maximum in (T) followed by a drop to a residual resistivity 
towards the lowest temperature.  This behaviour is absent in the resistivity of the 
single-impurity systems.  The drop in resistivity indicates a decrease in scattering of 
the conduction electrons as coherence develops between the Kondo centres below a 
characteristic temperature Tcoh (TK).  The Noziėres Fermi-liquid theory and 
Wilson’s numerical solution are useful for describing the strong coupling between the 
impurities and conduction electrons.  This strong coupling leads to the formation of 
quasi-particles exhibiting large effective masses.  The resulting quasi-particles lead to 
properties drastically different from those above and around TK.  Theoretical treatment 
of the coherent Kondo lattice must take into account the lattice periodicity.  Leder and 
Műhlschlegel [54] introduced the “periodic Anderson Hamiltonian”.  The resulting 
Hamiltonian for N periodic array of highly correlated 4f electrons, which hybridize 
with the conduction band of s-d character, can be written as  
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iR , denotes the site position of the 4f electron.  A variety of theoretical treatments of 
the Kondo lattice in the local moment regime also known as the Anderson lattice have 
been suggested using different approaches.  These include the decoupling 
approximation [55], the perturbation methods [56], the variational method [57], the 
functional integral method [58] and the slave-boson approach [59].  Two other 
theoretical treatments describing the lattice states were suggested; the single-site 
treatment by Yoshimori and Kasai [60] in which the electron self-energy is treated on 
each site as an independent local effect and the coherent-lattice treatment by Kaga and 
Kubo [55] and Kaga et al [61].   
 
1.7 Electrical transport of Kondo and heavy-fermion system 
1.7.1 Introduction  
 
The electrical transport in this study is mainly considered from the concept of free 
electrons in metals.  The free electrons (conduction electrons) are therefore taken as 
localized wave-packets, which obey the Pauli exclusion principle.  According to Pauli 
only one electron can occupy a state defined by a set of quantum number n, l, ml and 
s; where n is the principal number, l is the angular momentum number, ml is the 
magnetic quantum number and s is the electron spin.  Therefore the Fermi-Dirac 
distribution which is defined by the average number of electrons in a quantum state 
(of energy ε) in thermal equilibrium at temperature T is preferred for the current study 
in comparison to the Boltzmann’s distribution.  Hence the Fermi distribution is given 
by 
    ,
1
1
)(


xe
xf             (1.17) 
where the argument of the exponential function is given in the form 
    ,
kT
x
 
              (1.18) 
with  the chemical potential and k the Boltzmann’s constant.  As a result the 
transport properties of a given material are basically governed by the free electrons 
occupying energy states near the Fermi surface.  In most cases electrons in these 
particular states become very useful in providing a better response in the presence of 
external fields [62].   
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Transport properties in metals are mainly studied from the perspective of electron 
scattering.    The scattering of the electrons results from the breakdown of the perfect 
periodic potential in the metal.  Such a breakdown originates from different scattering 
processes.  This scattering of the conduction electrons is due to: 
o The imperfections in materials such as dislocations, grain boundaries and 
stacking faults, or the presence of impurities in our samples.  This scattering 
process gives rise to a residual resistivity and thermal conductivity dominant at 
low temperature. 
o The vibrations (phonons) of ions from their fixed positions.  This scattering 
process gives rise to the phonon resistivity and thermal conductivity, and 
increase largely with an increasing temperature. 
o The magnetic transitions in ferromagnets or antiferromagnets as the 
temperature increases from perfect magnetic order at low temperature towards 
their respective Curie or Neel temperatures.  This scattering process gives rise 
to anomalies in the resistivity, thermal conductivity and thermoelectric power.  
 
On the other hand, the scattering due to an electron-electron interaction in a normal 
metal is usually negligible at high temperatures compared to the dominant electron-
phonon scattering [17].  Wilson and Blatt [63, 64] demonstrated that the transport 
properties (electrical resistivity, thermopower or thermal conductivity) can be 
described using the linearized Boltzmann equation and are related as follows  
0
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where ρ, Ѕ and λ are the electrical resistivity, the thermopower and thermal 
conductivity respectively.  The integrals Kn are given by 
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where kF is the wave vector at the Fermi surface, εk represents the energy of the 
electrons in a quantum state k, m is the electron mass and fk represents the Fermi-
Dirac distribution function.  The validity of these equations (Eq.1.19) may be possible 
once the relaxation time )( k  is determined.  The transport properties at a given set 
of conditions (temperature, pressure and magnetic field) measures the combined effect 
of scattering processes in which the free electrons are involved. 
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Experimentally the resistivity is given by the relation 



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
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


l
A
I
V
  where I = dQ/dt 
is the current (charge dQ) through the sample of a cross sectional area A and length l 
while V is the measured voltage difference across the two ends of the samples.  
Ideally the electrical resistivity is obtained by setting up a current density j along the 
length l of a sample with a geometrical factor A
1/2
/l  1.   
The electrical resistivity ρ(T) of heavy-fermion (HF) and Kondo systems will be given 
in details in the next section since the current thesis is based on this property.     
1.7.2 Electrical resistivity associated with phonons and with Kondo 
systems 
 
The temperature dependent resistivity of HF and Kondo compounds and alloys is an 
additive contribution originating from different scattering processes a conduction 
electron encounters along its motion in a crystal.  Assuming the validity of the 
Matthiessen’s rule, the total temperature dependent resistivity can be written as 
follows  
   ).T()T()T( 0 magph               (I-21) 
It should be noted that 0  arising from the scattering of conduction electrons by 
stationary imperfections or impurities in the sample, is regarded to be a sensitive 
measure of the perfection of a sample.  Imperfections or impurities in the specimen 
enhance the residual resistivity.  The purity and the perfection of the sample will be 
characterized by the residual resistivity ratio, KKRRR 2.4295 /  where K295  
represents the resistivity value at room temperature and K2.4 is the resistivity value as 
T→0.  Furthermore the imperfection of the specimen can change some physical 
parameters which determined the magnitude of the RRR for the specimen [14].  These 
parameters include the electronic structure, the Fermi energy, the density of states and 
the effective mass.  As a result the physical parameters can affect the elastic constants 
which in turn change the lattice vibration spectrum.  The improvement of the purity 
and perfection of the specimen can be achieved by annealing the specimen at a 
sufficiently high temperature for a certain period of time.  This annealing process 
results in the reduction of RRR.  As the temperature rises, 0  remains constant, and 
thermal vibrations of ions around their equilibrium position is described in terms of 
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phonons, and leads to electron-phonon scattering.  The contribution to the total 
resistivity resulting from this scattering process ph  increases rapidly as the 
temperature increases and is given by the Bloch-Grüneisen relationship [65]  
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where κ characterizes the electron-phonon interaction. R is the characteristic 
temperature for electron-phonon interaction and it differs not much from D, the 
specific heat Debye temperature [65].  The standard integral in Eq.1.22 reduces to an 
expression proportional to (D/T)
4
 at high temperature (T ≥ D/2) and hence to )(Tph  
~ T.  At low temperature (T ≤ D/10), the integral in Eq.1.22 reduces to a constant 
equal to 124.4 [66] and hence )(Tph   ~ T 
5
.   
The contribution )(Tmag  of interest in this thesis describes the scattering associated 
with the magnetic moments of the 4f ions.  In the case of the heavy RE metals 
exhibiting magnetic ordering for instance ferromagnetism, antiferromagnetism or 
helical ordering, )(Tmag  is characterized by the following features: 
- A strong decrease for T < Tord with decreasing temperature which results in no 
scattering of the conduction electrons at 0 K where the magnetic moments are 
perfectly ordered. 
- A pronounced kink at T = Tord. 
- A temperature independent behaviour for T > Tord as a result of spin-disorder 
scattering.   
Tord represents the transition temperature for magnetic ordering.  The disorder in the 
arrangement of the magnetic 4f ions does occur in the paramagnetic region (T > Tord).  
In this region, Kasuya [67], Dekker [68], de Gennes and Friedel [69] were able to 
solve the conduction electron scattering problem using the following Hamiltonian: 
   jijiJsf JsRrgH

  )()1(2 ,          (1.23) 
where is

 is the spin of the conduction electrons, ir

 is the spatial coordinate of the 
conduction electrons, jJ

 and jR

 are similar quantities for the RE atoms.    is the 
exchange integral.  The resulting magnitude )( ordmag TT  spd  is given as  
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was derived in the relaxation time approximation by solving the Boltzmann equation.  
m  is the effective mass of an electron, N is the number of atoms per unit volume, ћ 
is Planck’s constant, e is the electron charge and EF is the Fermi energy.  In the 
ordered region (T < Tord), the magnetic properties of the heavy RE metals can be fully 
described using the spin-wave model.  The energy collective excitations of a system 
of coupled 4f moments are known as spin waves.  Therefore the conduction electrons 
in this ordering region can be scattered both by phonons and by spin waves.  
Assuming that the spin wave spectrum ω (q)   q 2 for ferromagnetic materials, q 
being the spin wave vector, several authors [70-72] derived a 2T dependence for the 
spin wave contribution to the total resistivity in ferromagnetic materials.  In the case 
when a gap Δs in the spin-wave spectrum occurs due to magnetic anistropy [73], the 
resistivity of ferromagnets is modified to the form )(T  ~  TkAT Bsexp
2 .  For 
antiferromagnetic (AF) spin wave, the assumption of   ω (q)   q gives a T 4 
temperature dependence in resistivity.   The temperature dependence of the electrical 
resistivity of heavy RE compounds without d-electron contribution is shown 
schematically in figure 1.5 [7] 
 
 
   
 
Figure 1.5:  Schematic temperature dependence of the electrical resistivity of 
magnetic RI compounds with negligible d-electron contribution [7]. 
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On the other hand HF, Kondo or IV behaviour are associated with the 4f ions, and 
mag  describes the anomalous resistivity associated with these phenomena.  The study 
of magnetic impurities dissolved in a non-magnetic host began when a low 
temperature resistivity minimum was found for normal metals at T = Tmin [74].  The 
occurrence of the resistivity minimum at temperature where normal )(Tph   ~ T
 5
 
metallic behaviour was expected is caused by magnetic impurities in the metal.  
Below Tmin, the resistivity increase is described by a mag  ~ −lnT dependence.  The 
first theoretical model explaining the mechanism of the logarithmic increase in 
)(Tmag  dilute magnetic alloys was put forward in 1964 by Kondo [23].  In this 
model, Kondo has considered the interaction of conduction electrons with the 
magnetic ions, whereby the conduction electrons can be scattered from an initial state 
to a final state via intermediate states which causes a spin-flip scattering through the 
Fermi distribution function.  The resulting temperature-dependent resistivity obtained 
from a third-order perturbation calculation in  is then given by [75] 
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where N(EF) is the density of states at the Fermi level, nf is the concentration of 
magnetic impurities, m  is the effective mass of an electron, J is the total angular 
momentum, kB is the Boltzmann’s constant, D is the conduction electron bandwidth, 
h
cn  is the number of conduction electron per host atom, Nc is the number of atoms in 
the host metal.  The temperatures that should be considered for the validity of Eq.1.25 
are of the order of the Fermi temperature.  Furthermore mag  defined by Eq.1.25 scale 
with a characteristic temperature called the Kondo temperature TK given by  
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From Eq.1.25 it is observed that the logarithmic increase towards low temperatures 
occurs only if  is negative.  The appearance of a minimum in the total resistivity 
curves follows from the combined effect of the increase mag  and the decreasing ph  
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on cooling the sample.  In the low temperature region the total resistivity takes into 
account the residual resistivity 0  as well as the low temperature phonon contribution 
)(Tph   ~ T
 5.  It follows from the Matthiesen’s rule: 
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The temperature at which )(T reaches a minimum is obtained by solving the equation    
d )(T /dT = 0, where )(T is the total resistivity given by Eq.1.27.  One obtains: 
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Eq.1.29 shows that the Kondo effect characterized by the resistivity minimum can 
only be observed only if < 0, in accordance to the antiferromagnetic coupling 
between the conduction electron and impurity spin.  It should be noted that the 
proportionality of Tmin with (nf)
1/5
 is in good agreement with experiment [23].  The 
perturbation theory used by Kondo is divergent when T→TK and could not be applied 
to described the )(T dependence below and close to TK.  This divergence results 
from a strong coupling between the conduction electrons and the localized magnetic 
moments generating a narrow many-body resonance, (Abrikosov-Suhl resonance 
(ASR)) near the Fermi level at low temperatures T<<TK.  At temperatures well below 
TK (T<<TK) a Kondo system can be treated within the framework of the Fermi liquid 
model [43].  In addition to the Kondo problem, several investigations were carried out 
to improve Kondo’s results using various methods, which results to different 
expressions for )(Tmag and TK.  These methods includes: the calculations to higher 
orders of the perturbation series by Abrikosov [76]; the resulting mag  [77] in this 
approach is given as:    
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with    
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Furthermore, the Kondo temperature is now defined as [77] 
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This approach is divergent at TK and cannot be physical since no real phase transition 
is expected. 
A calculation based on the self-consistent treatment of the Kondo effect was put 
forward by Nagaoka [78].  This calculation shows that the perturbation theory breaks 
down below TK for the case of antiferromagnetic interaction.  The calculation leads to  
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where nc is the total number of conduction electrons.  However this calculation 
diverges at T = 0.68TK.  All the above calculations solve the high temperature 
)(Tmag  behaviour characteristic of single-ion Kondo behaviour.  Furthermore these 
calculations show that TK is a characteristic temperature which separates the high 
temperature weak coupling where moments are nearly free from the low temperature 
strong coupling when a singlet formation takes place and quasi-particles are created.  
In the low temperature region (T << TK) the strong coupling between the conduction 
electrons and the impurities leads to properties drastically different from those 
observed above and around TK.  Subsequently to these calculations, Wiegmann [79], 
Andrei [50] and other authors have found the exact solution of the Kondo problem 
using the Bethe ansatz method.  The Wiegmann-Andrei solution is valid for the whole 
temperature range from T >> TK to T << TK.  
 
In HF and Kondo systems with Ce or Yb based RE elements, the effects of the crystal 
electric field (CEF) are important and cannot be neglected as in the case of the 3d-
compounds and alloys.  Indeed with the increase in temperature thermal population of 
different crystal-field levels takes place which in turn affect the Kondo effect and 
other physical properties.  The combined interaction of the Kondo effect and CEF 
splitting can be solved using the Coqblin-Shrieffer Hamiltonian in the nearly integer-
valence limit [41]. Taking the CEF into account, Cornut and Coqblin [80] were able 
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to calculate )(Tmag  of the 4f magnetic impurities in a non-magnetic matrix in a 
perturbation approximation in )( FEN , when the degeneracy of the 4f state is lifted 
by crystal fields.  )(Tmag  resulting from these calculations is given by 
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Rs is the contribution due to direct scattering process where V is the direct scattering 
constant.  λn represents the effective degeneracy of the occupied 4f level and is given 
by  
n
i in 0
 ; where n indicates the number of the uppermost occupied levels and 
αi  denote  the degeneracies of the energy level Ei.    is a constant which depends on  
quantities such as the Fermi wave-vector kF or the mass m and the charge e of a 
conduction electron, the volume of the sample v0 and the concentration of the 4f 
impurity nf.  In the case )( 1 nnBTk    ( n  being a measure of the crystal-field 
energy levels with respect to the ground state) the resistivity behaves as −lnT with an 
effective cut-off (n)D  and a slope proportional to ( 12 n ).  The difference arising in 
)(Tmag of the 4f impurities dissolved in a metallic matrix to that of the 3d-impurities 
is  due to the presence of CEF: the Kondo effect acts in each level and this is visible 
as several −lnT dependences in )(Tmag .  Such behaviour is only observed if the 
levels are well separated.  Consequently the Kondo effect gives rise to several Kondo 
temperatures )(K
nT  corresponding to each occupied level and is given by:    
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The Kondo temperature )1(KT  corresponds to TK given by Eq.1.26 when the ground 
state is populated.  The )(Tmag  exhibits a −lnT dependent far away from n  and 
shows a maximum at B/ kT n .   
   
Several authors were able to calculate the temperature dependence of the resistivity of 
Kondo lattice systems using different approaches by solving the periodic Anderson 
Hamiltonian. Yoshimori and Kasai [60] suggested the single-site approximation.  
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They have obtained )(Tmag within this approximation by computing the Green’s 
function for a periodic Anderson model but neglecting the intersite contribution to the 
self-energy.  The resistivity resulting from this approach is given by 
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where α is a constant and    /)(2 2VEN F  a materials constant.  V is the 
hybridization between the 4f impurities and the conduction electrons, λ is related to 
the f-band dispersion and N is the density of states at EF.  The Fermi-liquid result is 
derived for T<<TK: 
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Furthermore )(Tmag defined by (Eq.1.33a), reaches a maximum when cooling from 
high temperature to low temperature.  )(Tmag  
obtained from the slave-boson 
technique by Coleman follows a 2T  dependence characteristic of Fermi liquid 
behaviour [81]:  )(T ~ γ2T 2 (γ is the electronic heat capacity coefficient) and was in 
good agreement with experimental results. 
 
A phenomenological expression for the Kondo lattice resistivity was given by Garde 
and Ray [82], using the periodic Anderson Hamiltonian.  The resulting expression 
given by      ,)(
22
0
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DT
D
CTCT

 
   
                     (1.37) 
reproduces some of the behaviour of the experimental results of Kondo lattice 
compounds like the resistivity maximum characteristics of coherent Kondo scattering 
observed for such compounds.  The first term in Eq.1.37 represents the residual 
resistivity while the second and the third terms are the phonon and magnetic 
contributions respectively.  The coefficient C2 in the third term characterizes the 
strength of the 4f band.  The conduction electron bandwidth D is given by  
   ),/exp( ff TTTD              (1.38) 
where Tf represents the quasi-elastic scattering line-width which may be observed 
with neutrons and originates from the hybridization of the 4f and conduction 
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electrons.  T0, from Eq.1.37 denotes the 4f band position and depends on temperature 
in the form 
   ),/exp(0 TT CF             (1.39) 
with α, β and ΔCF (CEF energy) constants for any given Kondo lattice compound. 
 
Several other theoretical investigations of the Kondo lattice resistivity have been 
reported using different approaches, such as the phase shift method of Lavagna et al. 
[58] in which electron scattering originates from spatial fluctuations between different 
sites of the s-f hybridization.  The Kondo lattice resistivity resulting from this method, 
describes the high temperature limit (T >> TK) and the low temperature limit where 
coherence develops between all the temperature bound states.  Figure 1.6 illustrates 
the temperature dependence of the resistivity calculated by Lavagna et al. [58] for 
various values of the number of conduction electron n for RE atom. 
 
Figure 1.6: Temperature dependence of resistivity for various values of n [58]. 
All the above theoretical investigations describe the temperature dependence 
resistivity of Kondo lattice compounds in the coherent (T ≤ TK) and incoherent 
regions (T ≥ TK).  However, well below the Kondo temperature (T << TK), a strong 
coupling between the conduction electrons and the impurities occurs, leading to 
properties totally different from those observed around and above TK.  Various 
investigations of the low-temperature resistivity (T << TK) such as the FL model were 
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suggested in the literature.  The FL model is considered as a correct description of the 
low temperature parameters of a metal provided that the electron interactions as T→0 
become temperature independent with short range in both space and time, leading to  
ρ (T) = 20 AT [83]. 
 
Wilson [45] came up with a theory to calculate the resistivity as well as the 
susceptibility and the specific heat capacity.  The numerical solution suggested by 
Wilson holds in the whole temperature range, from the very low temperature spin 
compensated state to the high temperature paramagnetic behaviour via the crossover 
region.  The Kondo temperature resulting from Wilson’s theory is given by 
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where   FENf  has a power series expansion of  FEN . 
Nozière [43] has proposed a phenomenological Fermi-liquid theory formulated based 
on the scattering theory and using phase shifts.  In the special case where the magnetic 
or superconducting ordering is absent and at T→0 where only elastic scattering 
occurs, the resistivity is given in the form  
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where N is the density of states per spin direction, δ0 is the phase shift, vF is the Fermi 
velocity and nf is the impurity concentration.  When δ0 = π/2, 0  reaches the so-called 
unitary limit.  However in the low temperature region (T<<TK) without the 
consideration of the inelastic scattering, the magnetic contribution to the total 
resistivity is given in the form 
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with α being a coefficient determined intrinsically by the density of states at EF.  On 
the other hand, when inelastic scattering is taken into account near T = 0, )(Tmag is 
given by 
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where A and A proportional to 
2T are the inelastic scattering amplitudes of two  
electrons with parallel or antiparallel spin respectively.  The ½ in the brackets avoids 
double counting of final states with parallel spins [43].  Eq.1.43 can be reduced in a 
simple form as follows 
     120 )(1)(

 TTmag  ,             (1.44) 
using results from Wilson’s renormalization group method and other arguments based 
on the Landau’s theory. 
 
Several other investigations describing the Fermi-liquid behaviour of the electrical 
resistivity at very low temperature have been carried out.  These investigations 
include the treatment of the complete perturbation expansion for the symmetric 
Anderson model by Yamada [84, 85] and Yosida [86]; the study of the orbitally 
degenerate Anderson model by Yoshimori [87] and the asymmetric Anderson model 
by Yosida and Sukurai [88].  All these investigations yield 
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Apart from FL behaviour of the electrical resistivity usually observed at very low 
temperature, for a number of Kondo and HF systems, non-Fermi-liquid (NFL) 
behaviour of the electrical resistivity was observed.  These are mainly Ce and U 
compounds doped with a non-magnetic element La, Y, Lu or Th.  FL behaviour 
originates from the basic assumption of Landau FL theory that at low energies the 
electrons in a metal should behave essentially as a collection of weakly interacting 
particles [83].  NFL behaviour of the electrical resistivity is characterized by a weak 
power law or a logarithmic divergence in temperature suggesting the existence of a 
quantum critical point (QCP) at T = 0 K.  Well below the characteristic temperature 
for NFL behaviour T0 (T<<T0), the resistivity is given in the form: 
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where a < 0 or a > 0 and in many cases n ≈ 1 rather than n = 2 as is expected for FL 
behaviour. Non-Fermi-liquid behaviour is often ascribed to the existence of a 
quantum critical point at T→0 which may originate from fluctuations of an order 
parameter in the vicinity of an antiferromagnetic (AF) [89] or spin-glass phase [83] or 
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is ascribed to the multichannel Kondo effect [90, 91].  In many instances of several 
heavy fermion systems, T0 can be associated with the single-ion Kondo temperature 
TK.  Examples of the doped systems exhibiting NFL behaviour are CeCu6−xAux [92] 
UxY1−xPd3 [93], U1−xThxPd2Al3 [94], UCu5−xPdx [95] and Ce1−xLaxCu2Si2 [96].  Only a 
few systems have been found in which NFL behaviour appears to occur in the 
stoichiometric compound without need of doping, pressure or field. Hence these 
systems are called undoped systems at (or closed to) a QCP and are outlined as 
follows CeCu2Si2 [97], YbRu2Si2 [98], UB13 [99] and U2Pt2In [100, 101].  Examples 
of pressure induced NFL, and field-induced NFL are CeIn3 [102] and YbCu5−xAlx 
[103] respectively. 
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CHAPTER 2  
 
Experimental Techniques 
 
In this chapter, the researcher presents the experimental techniques that were 
undertaken during the preparation of this thesis, and characterization of the samples as 
well as measurement of the electrical resistivity.  The writer furthermore gives a 
description of the equipment used for the electrical resistivity of cerium based 
compounds. 
2.1    Sample preparation   
 
Polycrystalline samples of (Ce1−xREx) In3 with RE = Dy, Gd, Tb used in this study 
were prepared from their stoichiometric amounts of the constituent elements weighted 
using a micro balance (Mettler H18) to an accuracy of ± 0.5 g.  The constituent 
elements comprising each alloy were synthesized in a titanium gettered ultra-high 
purity argon atmosphere (~50 mbar pressure), on a water-cooled copper hearth using 
arc-melting furnace (figure 2.1) at the School of Physics University of the 
Witwatersrand.  Metals of the following purity in wt% were used: Ce: 99.98; Dy: 
99.99; Gd: 99.99; Tb: 99.99 and In: 99.9999.  Due to the volatilization of the In 
element an excess of In was added for each composition.  The alloys were remelted 
three times in order to achieve complete fusion and homogeneity.  The weight losses 
during the melting procedure did not exceed 1% relative to the In excess.  The buttons 
obtained from the arc-furnace had a typical mass of 4g. All the resistivity 
measurements were performed on as-cast samples. Samples for resistivity 
measurement were cut from the as-cast ingot using a diamond saw machine. The 
samples were in the form of a bars with typical dimension 1.5  1.5  8 mm3. These 
dimensions were measured using a traveling microscope to absolute accuracy of        
± 5 m giving a geometrical uncertainty of typically A⁄ℓ ± 2%, where A and ℓ are the 
cross-sectional area and the length of bar sample respectively.  All the samples were 
cut out of the center part of the ingot in order to avoid the bottom surface and the top 
layer where stress in the material as evidenced by hairline cracks was sometimes 
found.  
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2.2    Sample characterization 
The crystal structures of all the prepared samples were examined by powder X-ray 
diffraction technique.  Powders for X-ray diffraction were prepared by grinding part 
of the arc melted buttons in an agate mortar.  The powders were then mounted in a D8 
advance X-ray diffractometer at iThemba LABS (Bruker Axs Company) with Cu-K 
radiation.  The X-ray diffraction spectra were obtained in the range 10  2  90.  
The spectra of all compounds prepared in (Ce1−xREx) In3 series could be indexed 
according to the cubic Cu3Au-type structure with space group Pm m.  Only in a few 
cases the X-ray spectra showed traces of impurity phases, which formed during 
synthesis of the desired compounds.  Individual peak positions were determined using 
the WINPLOTR program for powder diffraction, Beta Version / [LLB Saclay-LCSIM 
Rennes] December 2005.  The lattice parameters were derived from the diffraction 
patterns using least-squares (LSQ) fit of 5 well-resolved diffraction lines by the 
Unitcell program [1]. 
2.3   Measurement techniques 
The resistivity was measured in the range 4.2–300K, using a four-probe dc method 
figure 2.2.  A YEW-type 2854 DC- current source provided a constant excitation of 
100mA to the samples.  The relative uncertainty of the set current of this instrument 
was I ± 40 μA.  The sample and the thermocouple voltages were measured using 
calibrated Hewlett-Packard 3478A digital voltmeters of 0.1 μV resolution, with a 
stability of 0.05% of the read value.  The multiplexer furnished with an 
electromechanical switching relays, was used to direct the current input to and voltage 
output from each of the samples.  A few seconds were allowed as settling time, and 
then ten readings of sample voltage were taken.  Subsequently the multiplexer 
provided a current polarity reversal in order to correct for any possible thermo-electric 
contact voltage in the circuit.  During the time the polarity was reversed and the 
system allowed settling, five readings of the thermocouple emf were taken.  This was 
followed by another 10 readings of sample voltage.  During the complete cycle of 
measurements on the first sample, which took about 10 seconds, the temperature 
changed with about 0.1 K.  The process was then repeated for samples 2, 3 and 4 
before starting with the 1
st
 sample again.  The PC and the multiplexer were able to 
communicate through an IEEE-488 interface card (Iotech Incorporated, Ohio, USA), 
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while the multiplexer was interfaced to the PC with 24 channel input/output cards 
built by the electronic workshop of the School of Physics at the University of the 
Witwatersrand.   The typical resolution of 1 part in 1000 was considered in carrying 
out all measurements of the resistivity values presented in the current thesis.  
Conversely, an absolute error of ρ(T) ± 2 % is estimated due to uncertainty in the 
geometric factor.  To this error is added a further uncertainty that could originate from 
the presence of voids and micro-cracks in the samples, but the influence of this is 
difficult to estimate.       
2.4   Resistivity measurements and description of equipment    
The sample holder for resistivity measurements is shown in figure 2.3.  It is made of a 
copper block of cylindrical shape at both outer ends and shaped as a rectangular bar at 
the central part.  It has been designed to accommodate four samples at a time, these 
being fixed on a copper plate attached to the four faces of the bar.  The upper side of 
this holder is attached by a screw and then glue all around with GE7031 varnish to a 
flange which is attached by silver soldering to the thin-walled stainless-steel support 
tube.  The electrical wires are then connected through a conical shaped hole situated 
on the upper end of the copper block.  The bar shaped sample to be measured is glued 
onto a piece of cigarette paper on the insulated side of the foil using GE7031 varnish.  
The electrically conducting side of the foil is glued with GE7031 varnish onto a 0.5 
mm copper plate.  The 0.5 mm copper plate holding the sample to be studied is 
attached with screws to the rectangular bar.  A copper shroud for protecting the 
samples and wiring was fastened to the bottom of the cylindrical copper block with a 
screw.  The choice of GE7031 varnish as a bonding agent was made because it 
possesses a good thermal conductivity and electrical insulating properties [2].   
 
Short pieces of Au + 0.07 at % Fe wires of 0.1 mm diameter, (obtained from Leico 
Industries Incorporated, New York) were spot welded onto the samples to provide 
good electrical contact.  Spot welding was performed using the home-build electrical 
circuit shown in figure 2.4.  The electrical circuit contains a capacitor, two switches as 
shown and a Hewlett Packard 6104A power supply.  The capacitor was charged    
(100mA, 10V) with the switches in the up position as shown in figure 2.4.  The 
switches were now thrown in the down position, disconnecting the capacitor from the 
power supply and enabling the Au + 0.07 at % Fe wire to be welded to the specimen 
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by discharge of the capacitor.  The short Au + 0.07 at % Fe wires were soldered with 
indium to copper wires that lead to the electrical measuring meters.   
 
The variation of the temperature between room temperature and liquid helium 
temperature was achieved using an automated cryo-dip system in which the sample 
holder is slowly lowered in a helium storage dewar (figure 2.5).  Depending on the 
level of liquid helium in the storage dewar, the thin-walled stainless-steel tube 
attached to the sample holder is lowered over a period of 12 to 18 hours upon cooling 
and, pulled up over a period of 6 to 9 hours for the heating process using a rotating 
gear motor of 1Rev/hour connected to a timer which reduce the speed to 0.5Rev/h for 
the cooling process.  The rate of temperature change during the slow cooling was 
typically 0.5 K.min
−1
.  The resistivity data from the measured samples was then 
collected on a PC via a multiplexer designed and built by the electronics workshop in 
the School of Physics at the University of Witwatersrand.  The thin-walled stainless-
steel tube was slid through a tight fitting centre bore of cylindrical Teflon, clamped in 
a brass flange at the top of the Dewar.  An annealed Au + 0.07 at % Fe vs. chromel 
thermocouple, of wire thickness 0.1 mm, insulated with a PTFE-teflon coating was 
used to measure temperature with liquid nitrogen as a reference point.  A computer 
program (Qbasic) was used together with a standard thermocouple calibration table, to 
provide an interpolation between 1 Kelvin-spaced values in the table using a fifth-
order least-squares polynomial.  This enabled conversion of the measured 
thermoelectric voltage values to temperatures in Kelvin.  The electrical wires used 
from the sample holder all along the thin-walled tube to the top for connection with 
the instrumentation, were comprised of 0.16 mm thick polyamide coated, oxygen-free 
high-conductivity copper wire.  The desired lengths were cut as consecutive strands 
from the roll of wire to minimize possible parasitic, thermal electromotive forces due 
to in homogeneities, impurities and structural defects in the wire which may otherwise 
occur if completely unrelated strands of wire were used [3]. 
 
 
 
 
  42 
 
Figure 2.1: Arc-furnace melting configuration. 
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Figure 2.2: Schematic wiring diagrams for data collection. 
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Figure 2.3: Sample holder assembly.  
*This is a Teflon cone for ease of movement through neck of the He dewar. 
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Figure 2.4: Schematic of the electrical circuit for spot welding wires onto the 
samples. 
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Figure 2.5: Schematic of cryogenic dip system for resistivity measurements. 
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CHAPTER 3  
 
Substitution of moment bearing Gd, Tb and Dy 
for Ce in CeIn3 
3.1 Introduction 
 
Ce-based intermetallic compounds have been the subject of many theoretical and 
experimental investigations.  These compounds exhibit a variety of interesting low 
temperature properties such as HF, Kondo lattice, mixed valence, magnetic and 
superconducting behaviour.  Their low temperature properties originate due to the 
character and magnitude of the hybridization between the 4f-electron states of the Ce 
atom and the d- and/or p-electron states of the neighbouring ligands and are directly 
connected to  FEN , 0 being the exchange constant and N(EF) the density of 
states at the Fermi level.  
 
The CeIn3 compound is well known to be an antiferromagnetic (AF) Kondo lattice 
compounds at ambient pressure [1, 2].  Doping experiments are an excellent tool to 
vary the ground state properties of this compound, which is located just in the vicinity 
of a magnetic instability.  The low temperature properties of CeIn3 are determined by 
the competition of the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction which 
results to a long ranged magnetic ordering state and the Kondo interaction which leads 
in a screening of the Ce 4f moment by conduction electrons.  CeIn3 crystallizes in a 
simple cubic Cu3Au-type structure with space group Pm3 m. Many experimental 
techniques were used in studying this compound.  It is a localized moment type II AF 
(commensurate with the lattice) with TN = 10.3 K [3-6].  The Ce moments are aligned 
AF in adjacent (111) ferromagnetic planes. The ground state is a  7 doublet and the 
magnetic moment 0.50B is somewhat smaller compared to the full moment of the 7 
doublet, 0.7B [5,7], which  is the ground state level for the total angular momentum  
J = 5/2 in a cubic crystal field.  The crystal field splitting between the low lying 7 
doublet ground state and the first excited state 8 quartet is large in this system and of 
the order of 150 K [5,7,8].  The resistivity study at ambient pressure indicates a broad 
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maximum at Tmax  50 K, probably due to crystal field effects [9].  The Kondo 
temperature of CeIn3 can be estimated TK  10 K [6]. 
 
Neutron scattering experiments on CeIn3 indicate no change in the magnetic structure 
up to 10 kbar [10].  The magnetic transition temperature TN initially decreases 
smoothly with increasing pressure (P < 10 kbar), then more drastically and vanishes at 
a critical pressure PC  26 kbar [10].  At this quantum critical point (QCP) a complete 
superconducting transition is observed below 200 mK in the range between 22 and 28 
kbar, with the maximum near the QCP [11,12].   
 
Studies of a large group of REIn3 compounds have been performed and their electrical 
and thermal transport properties were reported [13-21].  These compounds are iso-
structural with CeIn3 and show AF ordering at low temperature except for compounds 
with RE = Lu, La and Y which are non-magnetic.  The RE ions in the magnetic 
compounds possess well localized magnetic moments and the valence 3 oxidation 
state.  The thermal conductivity studies of REIn3 compounds reveal the presence of 
crystal electric field effects in the paramagnetic phase at high temperatures [15].  
Furthermore it was shown that the RKKY model describes very well the resistivity of 
the heavy REIn3 compounds at sufficiently high temperature where all crystal-field 
levels are overall populated.  Therefore the magnetic contribution to the total 
resistivity of these heavy REIn3 is temperature independent and the spin-disorder 
resistivity follows the de Gennes factor [19].  The magnetoresistivity studies reveal a 
power-law character for the light REIn3 compounds. 
 
 Several studies on the effects of alloying CeIn3 are reported in the literature.  For 
instance the substitution of In by Sn [4, 22, 23], Tℓ [24- 26], Pb [25, 27].  This 
substitution has given an excellent opportunity to the studies of the gradual transition 
from localized moment type II AF to respectively mixed valence in Ce(In1−xSnx)3, 
itinerant heavy-fermion AF in Ce(In1−xPbx)3 and local moments in Ce (Tℓ1−xInx)3.  The 
specific heat, susceptibility and resistivity studies in these systems display interesting 
TN behaviour which cannot be accounted for by a Kondo necklace approach that 
neglects the coherence of a HF lattice and resultant itinerant AF.  These studies 
indicate that the evolution between any two different types of ground state involves 
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more than one parameter sf in determining the nature of both itinerant and well 
localized moment ground state [28].  On the other hand, the dilution of Ce by Y [22] 
reveals a weak Kondo effect, consistent with CeIn3 being close to a valence 
destabilizing transition [29].  The studies of substituting Ce with La in CeIn3 through 
resistivity and magnetic susceptibility reveal the reduction of TN of CeIn3 with 
increase in La concentration and consequently reduction of the number of 4f electron 
of the Ce atom.  
 
In this chapter, we report the effect of substituting the moment-bearing rare-earth 
elements Gd, Tb and Dy for Ce in CeIn3, through electrical resistivity measurements.  
The results show evolution from a local moment antiferromagnet that shows a strong 
Kondo lattice resistivity at larger Ce concentration to metallic behaviour with a 
magnetically ordered ground state at low temperature in REIn3. 
 
3.2   Results and discussion 
3.2.1 Lattice parameter 
 
Results of X-ray diffraction measurements are presented for the pseudo-binary alloy 
systems (Ce1−xREx) In3. It was observed that all of the alloys (Ce1−xREx) In3 crystallize 
in the cubic Cu3Au-type structure with space group Pm3 m.  The cubic lattice 
parameters a for the (Ce1−xREx) In3 systems are presented in figure 3.1.  A linear 
decrease in cubic a-axis hence unit cell volume with increasing RE concentration x is 
observed for all the systems across the series, with no appreciable deviation from 
Vegard’s rule [30].  This behaviour suggests that there is no sudden change in Ce 
valence as one move from CeIn3 to REIn3.  The decrease in the cubic a-axis amounts 
to a volume change of 1.7% for Gd, 2.0% for Tb and 2.4% for Dy.  This gradual 
increase of the volume change from Gd to Dy is consistent with the lanthanide 
contraction.  
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Figure 3.1: The Cubic lattice parameter a as a function of RE concentration x for the 
(Ce1−xREx)In3 alloy systems, RE = Gd, Tb and Dy. 
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3.2.2 Electrical resistivity 
 
Measurements of electrical resistivity in the range 4.2 – 295 K for the (Ce1−xREx) In3 
systems are presented.  The measurements are reported on as-cast samples.  The 
resistivity values include an absolute error of ρ(T) ± 2 % as mentioned in section 2.3, 
which might originate from some micro cracks and interior voids in the sample. 
a. (Ce1−xGdx)In3 (0 ≤ x ≤ 1) 
The temperature variations of the electrical resistivities ρ(T) for the (Ce1−xGdx) In3 
alloys are depicted in figure 3.2.  ρ(T) results for the alloys with 0 ≤ x ≤ 0.5 shows 
typical coherent Kondo scattering characterized by a resistivity maximum at 
temperature Tmax.  The observed values of Tmax are given in Table 3.1.  It is observed 
that Tmax shift to lower temperatures with increase in Gd contents.  This behaviour 
shows the evolution from coherent Kondo scattering to metallic behaviour above        
x = 0.5.  Furthermore ρ(T) results for this concentration range exhibit a broad 
minimum at Tmin, well above Tmax.   This minimum results from the combined effect 
of the incoherent Kondo scattering characterized by a –lnT increase with decrease 
temperature and the phonon scattering at high temperature characterized by a linear 
decrease upon cooling.  It is observed that Tmin shift to lower temperature with 
increasing Gd content x, suggesting the suppression of the Kondo scattering with 
decreasing Ce concentration.  For the alloys with x ≥ 0.5 ρ(T) exhibits metallic 
behaviour at high temperature which conforms to the expectations of phonon 
scattering as it is clearly evident for the x = 0.9 curve in the inset of figure 3.2. This 
behaviour results from an additional scattering process with Gd moments, leading to a 
temperature independent contribution (spin-disorder resistivity) to the total resistivity 
ρ(T).  An extrapolation from high temperature to absolute zero yields the magnitude 
of the spin-disorder resistivity ρspd  10.3  10
-8
 m, after subtracting the residual 
resistivity 0 7.6  10
-8
 m.  Furthermore the ρ(T) curve for the x = 0.9 sample 
shows an anomaly near 45 K which suggest the onset of magnetic ordering.  ρ(T) 
results of our parent compound CeIn3 show a Kondo peak at Tmax = 69 K which is 
some what greater than Tmax = 50 K reported in reference [31].  ρ(T) curves, for 
compositions and temperatures where incoherent Kondo scattering is observed may 
be described by 
        )ln()( 0 TCbTT K  .             (3.1) 
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The term 0  is the residual resistivity emanating from electron scattering from defects 
and take an account a Nordheim-like contribution originating from atomic disorder 
due to the presence of two kinds of RE atoms (Ce, Gd) in CeIn3 Kondo lattice.  The 
second term originates from electron scattering from phonon at high temperature.  The 
third term describes the incoherent single-ion Kondo scattering expected at high 
temperatures but it fails at low temperatures in describing the saturation for single-ion 
resistivity when T→0.  Least square fits (LSQ) of the experimental total resistivity 
data to Eq. 3.1 are illustrated by solid lines through the experimental data points in 
figure 3.2.  The fits reveal satisfactory agreement and show therefore the importance 
of the Kondo effect for these alloys.  Deviation of the fit at lower temperatures is 
attributed to coherence effect, the onset of magnetic order and the effect of the 
crystalline electric field.  A similar behaviour was found for the (CexGd1−x)Cu6 alloy 
system [32].  Furthermore the agreement of the fit with the data in the temperature 
range of 100 K ≤ T ≤ 300 K suggest that Kondo scattering processes of the conduction 
electrons from Ce moments happen in the full total angular momentum j = 5/2 state of 
Ce which means the overall crystal field splitting is less than 100K.  LSQ fit 
parameters 0 , b and CK are listed in Table 3.1. Also given in Table 3.1 are the 
observed and calculated temperature at which ρ(T) reaches a minimum Tmin. The 
calculated Tmin is obtained by differentiating Eq. 3.1 and is given by  
   
b
C
T Kmin .                         (3.2) 
Tmin values resulting from the LSQ fits are in fairly agreement with the experimental 
observed Tmin as evident in Table 3.1.   
 
Table 3.1 LSQ fit parameters 0 , b and CK describing the resistivity of the 
(Ce1−xGdx)In3  system in the incoherent region at high temperatures and the calculated 
(from Eq.3.2) and the observed Tmin as well as the Tmax values. 
x 0.0 0.1 0.3 0.5 
ρ0 [10
-8Ωm] 80.9 123.3 86.8 48.8 
b [10
-8
 ΩmK-1] 0.066 0.099 0.075 0.047 
CK [10
-8Ωm] 12.4 19.5 13.2 7.1 
Tmin LSQ [K] 188 197 176 149 
Tmin EXP [K] 200 190 170 150 
Tmax [K] 69 63 60 58 
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Figure 3.2: Temperature variation of the electrical resistivity in the temperature range                
4.2 ≤ T ≤ 300 K for alloys in the pseudo-binary system (Ce1−xGdx)In3. The solid lines 
illustrate LSQ fits of the measured data to Eq. 3.1 at high temperatures. The calculated 
parameters 0 , b and CK are given in table 3.1.  Note that the depopulated data sets are 
plotted in this figure in order to facilitate comparison with the fitted lines.  The inset 
shows the electrical resistivity curve of Ce0.1Gd0.9In3 between 4.2 and 300 K. 
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Figure 3.3:  Low -temperature ρ(T) behaviour and dρ(T)/dT  versus temperature for 
alloy composition 0 ≤ x ≤ 0.2 of the (Ce1−xGdx )In3 system. 
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Figure 3.4: Low-temperature ρ(T) behaviour versus temperature for alloy 
composition 0.3 ≤ x ≤ 0.5 of the system. 
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The low temperature ρ(T) behaviour for composition 0 ≤ x ≤ 0.2 of the (Ce1−xGdx) In3 
is shown in figure 3.3.  The kink in ρ(T) at low temperature seen in this concentration 
range indicates the onset of magnetic order.  Plots of the derivatives of ρ(T) with 
respect to temperature in the vicinity of the kinks for these alloys are shown in     
figure 3.3.  The values of the Neel temperature TN have been estimated in accordance 
with the criterion given by Sato et al. [33], which is at the midpoint of the anomaly 
produced due to the large drop in the dρ(T)/dT  curve.  Another possibility is to take 
TN as the point on the intersection of the extrapolated linear regions of ρ(T) on either 
sides of the kink.  Both methods give approximately the same values for TN for Gd 
concentrations 0 ≤ x ≤ 0.2 in the (Ce1−xGdx) In3 alloy series.  The resulting values of 
TN using the former method are 12 K, 10 K and 9 K for x = 0, 0.1 and 0.2 
respectively.  The value of TN = 12 K of our CeIn3 compound is in close agreement 
with the value of 10 K reported in the literature [26].  It is observed that TN in this 
concentration range decreases with decreasing Ce concentration.  The low 
temperature ρ(T) behaviour for composition above x = 0.2 of the (Ce1−xGdx) In3 is 
shown in figure 3.4. No kink characteristic of magnetic ordering was observed in ρ(T) 
results down to 4.2 K. Extension of measurements for composition 0.2 ≤ x ≤ 0.3 
needed to ascertain whether evolution to a QCP is reached. 
 
b.  (Ce1−xTbx) In3 (0 ≤ x ≤ 1) 
 
In figure 3.5 the temperature variations of the resistivity results for the (Ce1−xTbx)In3 
alloy system are presented.  It is observed that the dominant ρ(T) behaviour is that of 
coherent scattering at low temperatures and incoherent Kondo scattering at higher 
temperatures.  The coherent Kondo scattering observed from ρ(T) results exhibits a 
resistivity maximum at Tmax, and the incoherent Kondo scattering is characterized by a  
−lnT increases with decreasing temperature.  The overall temperature dependent 
resistivities of the Tb system are qualitatively similar to that of the Gd system in 
showing evolution from coherent Kondo scattering to metallic behaviour with 
increasing Gd or Tb content.  This evolution is confirmed with the behaviour of Tmax 
given in Table 3.2, suggesting the suppression of the Kondo effect in these alloys with 
decreasing Ce concentration.  Also shown in Table 3.2, are LSQ fit parameters of the 
experimental data of ρ(T) to Eq.3.1, as well as the calculated (Eq.3.2) and the 
observed Tmin.   The calculated Tmin values do not agree with the experimental 
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observed Tmin values.  This disagreement is due to our fit range of 100 ≤ T≤ 300 K for 
all investigated compositions.  Furthermore the observed and calculated Tmin do not 
follow a systematic trend with Tb concentration for this range of composition.  The 
inset of figure 3.4 shows ρ(T) results of TbIn3.  The resistivity curve of this compound 
exhibit normal metallic behaviour above the magnetic phase transition    TN = 34 K.  It 
should be noted that the linear increase of the total ρ(T) curve of this compound is 
caused by electron-phonon scattering in accordance to the Bloch-Grűneisen Law.  An 
extrapolation from high temperature to absolute zero yields the magnitude of the spin-
disorder resistivity ρspd  3.3  10
−8
 m after subtracting the residual resistivity    
0  0.9  10
−8
 m.  The magnetic phase transition observed at TN = 34 K, results 
from interaction between the Tb moments via RKKY.  Our value of TN = 34 K 
obtained for TbIn3 is in good agreement with the value of 32 K obtained in reference 
[34].   
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Figure 3.5: Temperature variation of the electrical resistivity in the temperature range                
4.2 ≤ T ≤ 300 K for alloys in the pseudo-binary system (Ce1−xTbx)In3.  The solid lines 
illustrate LQS fits of the measured data to Eq. 3.1 at high temperatures. The calculated 
parameters 0 , b and CK are given in table 3.2.  The inset shows the electrical 
resistivity curve of TbIn3 between 4.2 and 300 K.                                                                                                                                                                    
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Figure 3.6:  Low-temperature ρ(T) behaviour and dρ(T)/dT versus temperature  for 
alloy composition 0 ≤ x ≤ 0.2 of the  (Ce1−xTbx )In3 system. 
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Figure 3.7:  Low-temperature ρ(T) behaviour versus temperature for alloy 
composition 0.3 ≤ x ≤ 0.4 of the (Ce1−xTbx )In3 system. 
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Table 3.2 LSQ fit parameters 0 , b and CK describing the resistivity of the    
(Ce1−xTbx)In3, system in the incoherent region at high temperatures and the calculated 
(from Eq.3.2) and the observed Tmin as well as the Tmax values. 
X 0.0 0.1 0.2 0.3 0.4 
ρ0 [10
-8Ωm] 80.9 77.5 83.3 87.1 75.5 
b[10
-8
 ΩmK-1] 0.066 0.065 0.069 0.072 0.065 
CK [10
-8Ωm] 12.4 11.6 12.8 13.6 11.4 
Tmin LSQ [K] 188 178 187 190 176 
Tmin EXP [K] 200 167 164 183 178 
Tmax [K] 69 73 63 56 53 
 
 
In figure 3.6, we have plotted the low temperature ρ(T) and its d/dT behaviour for 
composition      0 ≤ x ≤ 0.2 of the (Ce1−xTbx)In3 system.  Similar to the Gd system, the 
kink in ρ(T) seen in these alloy compositions (0 ≤ x ≤ 0.2) indicates the onset of 
magnetic order. The values of the ordering temperature TN = 12 K, 11 K and 8 K for x 
= 0, 0.1 and 0.2 respectively have been estimated also according to the method 
proposed by Sato et al [33].  It is observed that TN decrease with increasing Tb 
concentration x similar to that of the Gd system. The low temperature ρ(T) behaviour 
for composition above x = 0.2 of the (Ce1−xTbx)In3 system is shown in figure 3.7. 
Similar to the Gd system no kink in ρ(T) was observed down to 4.2 K. 
 
c.  (Ce1−xDyx) In3 (0 ≤ x ≤ 1) 
Measurements of ρ(T) for the as-cast (Ce1−xDyx)In3 alloy system are indicated in    
figure 3.8.  At higher temperatures ρ(T) shows the characteristic –lnT increase upon 
cooling as is to be expected for incoherent Kondo scattering.  This –lnT behaviour is 
observed for the following compositions range: 0 ≤ x ≤ 0.4.  This behaviour 
culminates in a Kondo peak at Tmax, followed by a drop at lower temperatures, 
suggesting the onset of coherence between the Ce ions also observed in ρ(T) results of 
the Gd and Tb systems.   
 
The ρ(T) curve for the x = 0.6 alloy somewhat resembles the ρ(T) behaviour of 
Ce8Pd24Al1.65 [35], Ce8Pd24In [36] and of the HF compound CePd2Al3 [37] in which 
case it was attributed to strong Kondo interaction.  For alloys in the concentration 
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range 0 ≤ x ≤ 0.4, the ρ(T) results exhibit a broad minimum at high temperatures.  Tmax 
values observed in ρ(T) data shift to lower temperatures with an increase in Dy 
concentration x.  LSQ fits of the experimental ρ(T) data to Eq.3.1 are illustrated by the 
solid lines in figure 3.8.   The resulting LSQ fit parameters are given in Table 3.3, as 
well as the observed Tmax and Tmin values, and the calculated Tmin using Eq. 3.2.  The 
inset to figure 3.8 shows ρ(T) results of DyIn3. The ρ(T) curve of DyIn3 is 
qualitatively different to that of TbIn3, (Ce0.1Gd0.9)In3 and GdIn3 (not shown).  The 
resistivity curve of this compound exhibits normal metallic behaviour above 20 K.  
Below 20 K, a small increase is observed in the ρ(T) curve, which can be related to 
the magnetic transition.  Similar increase is observed in many magnetic (usually AF 
ordered) RE-metals e.g GdCu5 [38].            
    
Table 3.3 LSQ fit parameters 0 , b and CK describing the resistivity of the    
(Ce1−xDyx)In3, system in the incoherent region at high temperatures and the calculated 
(from Eq.3.2) and the observed Tmin as well as the Tmax values. 
X 0.0 0.1 0.2 0.3 0.4 
ρ0 [10
-8Ωm] 80.9 133.9 80.1 77.3 93.3 
b [10
-8
 ΩmK-1] 0.066 0.110 0.068 0.071 0.087 
CK [10
-8Ωm] 12.4 20.8 12.4 11.4 12.9 
Tmin LSQ [K] 188 189 182 162 148 
Tmin EXP [K] 200 161 157 157 148 
Tmax [K] 69 64 63 61 59 
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Figure 3.8: Temperature variation of the electrical resistivity in the temperature range                
4.2 ≤ T ≤ 300 K for alloys in the pseudo-binary system (Ce1−xDyx) In3. The solid lines 
illustrate LSQ fits of the measured data to Eq.3.1 at high temperatures.  The calculated 
parameters 0 , b and CK are given in table 3.3.  The inset shows the electrical 
resistivity curve of DyIn3 between 4.2 and 300 K. 
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Figure 3.9: Low-temperature ρ(T) behaviour and dρ(T)/dT versus temperature  for 
alloy composition 0 < x < 0.2 of the (Ce1−xDyx) In3 system. 
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Figure 3.9 shows the plot of the low temperature ρ(T) behaviour for composition        
0 ≤ x ≤ 0.2 of the (Ce1−xDx)In3 system.  Also shown on the same figure are the 
derivatives of ρ(T) with respect to temperature in the vicinity of the kinks.  Similar to 
the Gd and Tb systems, the kink in ρ(T) seen in these alloys compositions indicates 
the onset of magnetic order.  The values of the ordering temperature TN = 12 K, 11 K 
and 8 K for x = 0; 0.1 and 0.2 respectively have been estimated also according to the 
method proposed by Sato et al [33].  TN then shows similar behaviour to that of the 
Gd and Tb system, showing a decrease with increased Dy concentration x.   
 
3.2.3 Conclusions 
 
In summary the resistivity results of the (Ce1−xREx)In3 systems are qualitatively 
similar showing Kondo lattice behaviour for a limited RE concentration x and metallic 
behaviour at larger RE concentration with the onset of magnetic ordering at lower 
temperatures.  Furthermore it should be noted that for the alloys in the concentration 
range of 0 ≤ x ≤ 0.2 two main interactions are dominant.  These are, the Kondo effects 
characterized by a –lnT increase with decrease in temperature, and the RKKY 
interaction between the Ce moments responsible for the magnetic ordering.  In the 
intermediate concentration range only the Kondo effect is observed.  At larger RE 
concentration metallic behaviour is observed at high temperatures resulting from the 
scattering of the conduction electrons by the lattice vibration (phonon). Magnetic 
phase transitions are observed at lower temperatures originate to a magnetic ordered 
state that results from the interaction between the RE moments as a result of the 
RKKY interaction.  The decrease in TN values in these systems with an increase in RE 
content x, suggests the existence of a QCP at a critical concentration xc.  However, it 
is not possible for the experimental resistivity results presented for these alloys series 
(Ce1−xREx)In3 to give the critical concentration xc at which the magnetic ordering 
resulting from the interaction of Ce moments vanish as well as the final interpretation 
of the magnetic behaviour of these alloys series for the entire concentration range       
0 ≤ x ≤ 1.  The present results constitute an introduction to a detailed investigation of 
the transport and magnetic properties of these alloys which could be the scope of 
future prospects.   
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CHAPTER 4  
 
Kondo and crystal electric field effect in 
Ce(Pt1−xNix) Si2  
4.1 Introduction 
For decades, cerium-based ternary intermetallic compounds have attracted interest in 
the experimental study of their physical behaviour.  Double peaks in the resistivity 
versus temperature curve characteristic of the Kondo effect under the crystalline field 
have been observed in many cerium and ytterbium compounds.  Theoretical studies of 
the influence of the crystalline field on the Kondo effect were carried out by Cornut 
and Coqblin [1].  In a recent study of ternary Ce-Pt-Si intermetallic compounds, 
several authors have established the existence of a new compound CePtSi2 which 
crystallize in the CeNiSi2-type structure with space group Cmcm [2].  From the 
transport and magnetic measurements on polycrystalline samples, CePtSi2 was 
reported to be a Kondo compound with low TK, whereas isostructural CeNiSi2 is a 
nonmagnetic mixed-valent compound with a high TK [2].  These compounds exhibit 
interesting physical properties because it is believed that the hybridization of highly 
correlated 4f electrons with the itinerant conducting electrons should be responsible 
for both heavy-fermion (HF) and mixed-valence (MV) behaviours [3].    Furthermore 
results on single crystal CePtSi2 show strong anisotropy in the temperature 
dependence of magnetic and transport properties, while single crystal CeNiSi2 shows 
weak anisotropy [2].  The magnetic resistivity data on polycrystalline CePtSi2 show 
that the Ce in CePtSi2 has a double ground state according to the theory of Cornut and 
Coqblin [1].  The magnetic susceptibility above 100 K follows a Curie-Weiss Law 
with an effective magnetic moment of 2.56 B per Ce atom and a paramagnetic Curie 
temperature of −17 K.  No sign of a magnetic phase transition or of a superconducting 
state was observed down to 70 mK from AC susceptibility measurements.  Specific 
heat results indicate a γ-coefficient of the electronic specific heat attaining a 
maximum of about 1700 mJ/molK
2
 at 1.25 K [3]. 
Low temperature heat capacity and magnetic property studies on polycrystalline 
CeNiSi2 indicate intermediate-valence behaviour for this compound at high 
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temperatures with the Ce valence varying from 3.35+ at room temperature to 3.65+ at 
T = 50 K and with a spin fluctuation at low temperature (~ 3.3 K) [4].  Furthermore it 
is also indicated that the spin fluctuations can be quenched by an external magnetic 
field of about 5.3 T.  The inverse magnetic susceptibility measurements on CeNiSi2 
deviate from the Curie-Weiss law up to 300 K and is characterized by a weak 
temperature dependence and the presence of a broad maximum at ~ 100 K.  
  
In this chapter we report the effect of substituting Pt with Ni in CePtSi2 up to 30% 
through XRD and resistivity measurements.  The experiments probe the crystal-field 
effect on the Kondo properties of CePtSi2.     
4.2 Experimental results and discussion 
Polycrystalline samples were prepared as indicated in chapter 2.  The constituent 
element were of purity in wt% : Ce: 99.98, Pt: 99,95, Ni: 99.9999, Si: 99.9999. For all 
samples prepared in the concentration range 0 ≤ x ≤ 0.3 a weight loss of less than 1% 
upon arc-melting was recorded.  All the samples were characterized as indicated in 
chapter 2. 
4.2.1 Lattice parameter 
 
X-ray powder diffraction studies reveal that the alloys prepared in the          
Ce(Pt1−xNix)Si2 series crystallized in the orthorhombic CeNiSi2-type structure with 
space group Cmcm.  For the alloys with x > 0.3, x-ray diffraction patterns indicate a 
mixture of phases.  Thus the orthorhombic region of our Ce(Pt1−xNix)Si2 alloys system 
that is amenable for study only extend up to x = 0.3.  For the alloys prepared in this 
region x-ray diffraction scan indicates a single phase with no evidence of a secondary 
phase.  A representation powder x-ray diffraction pattern of CePtSi2 obtained using 
CuK radiation is shown in figure 4.1.  The diffraction patterns show that the sample 
is largely single phase but contains a small impurity phase.  The impurity peaks 
(marked with asterisk in figure 4.1) have intensity less than 3% of that of the main 
peak.  The diffraction pattern of the parent compound CePtSi2 was refined using the 
Rietfeld refinement program TOPAS ACADEMIC and the result of such a fitting is 
also represented in figure 4.1 (solid line).  The resulting lattice parameters a = 4.2918 
Å, b = 16.7353 Å and c = 4.2380 Å are in good agreement with results reported in 
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reference [5].  In this refinement to determine the lattice parameters, the space group 
Cmcm was used.  Hence in this space all the atoms occupy the crystallographic 4c 
sites.  The fractional coordinates resulting from this refinement are given in Table 4.1. 
 
Table 4.1: Atomic coordinate and occupation factors for CePtSi2 obtained from 
Rietveld refinement using the Cmcm space group. 
Atom Wyckoff 
Position 
x y z Occupation 
Factor 100% 
Ce 4c 0 0.107(8) 0.25 100 
Pt 4c 0 0.319(5) 0.25 100 
Si1 4c 0 0.468(4) 0.25 100 
Si2 4c 0 0.735(3) 0.25 100 
  
 
The crystal structure of CePtSi2 is shown in figure 4.2 with the atoms labeled 
accordingly.  The orthorhombic lattice parameters a, b and c and the unit cell volume 
V for the Ce(Pt1−xNix)Si2 alloy series with 0 ≤ x ≤ 0.3 are presented in figure 4.3.  A 
linear decrease in lattice parameters and volume with increase in Ni content x is 
observed, showing the validity of Vegard’s rule for the alloy system in this limited 
composition range.   
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Figure 4.1 The observed (empty circle) and the results of the Rietveld refinement 
(solid line) powder x-ray diffraction pattern of CePtSi2. The grey solid line represents 
the difference. 
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Figure 4.2 The crystal structure of CePtSi2.  Large-size (black circles) represents Ce 
atoms, small-size (black circles) represents Si (Si1, Si2) atoms and medium-size grey 
circles represent Pt atoms. 
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Figure 4.3 The Orthorhombic lattice parameters a (a), b (b) and c (c) and the unit cell 
volume V (d) as a function of Ni content x for the Ce (Pt1−xNix)Si2 alloy system. 
 
 
 
 
  75 
4.2.2 Electrical resistivity 
 
The normalized electrical resistivity values ρ(T)/ρ(295K) in the temperature range 
4.2–295 K for the Ce(Pt1−xNix)Si2 alloys are shown in figure 4.4.  The normalized 
representation was chosen because of the evidence of existing internal micro-cracks in 
this system resulting in resistivity values that are not reproducible in absolute terms 
when different samples with the same compositions are investigated.  Furthermore the 
normalized representation clearly illustrates how the ρ(T) behaviour change with Pt 
concentration.  ρ(T) results of the CePtSi2 (inset figure 4.4) exhibits two maxima: one 
broad maximum at high temperatures (HT) and a well defined maximum at lower 
temperatures (LT).  The high temperature maximum occurs at around at around     
Tmax  29 K which is in good agreement with the value of 30 K obtained in reference 
[5].  This high temperature ρ(T) maximum is thought to be due to the effect of the 
crystal-electric field (CEF) splitting in the orthorhombic CePtSi2 crystal.  In contrary, 
the low temperature anomaly occurs at around Tmax  8.3 K which is somewhat larger 
compared to the value of 6 K obtained in reference [6].  Two distinct –lnT increase are 
observed in ρ(T) of CePtSi2 (Figure 4.5).  The high temperature logarithmic increase 
with decreasing temperature results from the scattering processes of the conduction 
electrons with independent Kondo centers in the presence of CEF splitting.  It is 
observed from the ρ(T) results that with increase in Ni concentration the ρ(T) 
maximum observed at high temperature is gradually suppressed and completely 
disappear at 30% Pt substitution while the lower temperature maximum is almost 
insensitive  with Ni concentration in the range 0 ≤ x ≤ 0.3 (see Table 4.2).  The overall 
temperature dependent resistivity below 30% Pt substitution is qualitatively similar to 
the resistivity of a Kondo lattice in the presence of CEF splitting effects calculated 
from the Coqblin-Schrieffer model [7], in the integer valence limit for a small 
Hybridization matrix element Vkf.  Cornut and Coqblin [1] theoretically calculated the 
magnetic contribution of the 4f impurities dissolved in a non-magnetic matrix, when 
the 4f level is split by the CEF, in particular in the case of two or three levels.  Our 
results of ρ(T) for CePtSi2 is particularly similar to results of ρ(T) for the binary alloys 
CeAl2 [8], CeAl3 [9] and the ternary CePtSi2 [5] explained using the Cornut and 
Coqblin model [1].            
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Figure 4.4 The normalized electrical resistivity curves of the Ce(Pt1−xNix)Si2 alloys 
series in the range 4.2 and 295 K. The inset shows the electrical resistivity curve of 
CePtSi2 between 4.2 and 295 K. 
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Table 4.2: The observed temperature of the resistivity maximum Tmax for compound 
in the pseudo-ternary system Ce(Pt1−xNix)Si2 (0 ≤ x ≤ 0.3). 
Ni content x 0 0.1 0.2 0.3 
Tmax  [K] 8.3 10.1 9.3 10 
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Figure 4.5: Temperature variation of the electrical resistivity in the temperature range 
4.2 ≤ T ≤ 300 K for CePtSi2 showing two distinct −lnT. 
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4.3 Conclusions 
In summary, the XRD results of the Ce(Pt1–xNix)Si2 system show a linear decrease in 
unit cell volume with increasing Ni concentration x, which suggest no change in Ce 
valence. The resistivity results indicate suppression of the crystal electric field effect 
with increasing x. The temperature of the resistivity maximum observed at lower 
temperature Tmax (table 4.2) which characterizes the Kondo effect is insensitive with 
Ni content x. This behaviour suggests no volume effect on the Kondo energy scale for 
the Ce(Pt1–xNix)Si2 alloys system. 
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